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Abstract. Xylella fastidiosa causes many important plant diseases including Pierce’s disease (PD) in
grape and almond leaf scorch disease (ALSD). DNA-based methodologies, such as randomly amplified
polymorphic DNA (RAPD) analysis, have been playing key roles in genetic information collection of
the bacterium. This study further analyzed the nucleotide sequences of selected RAPDs from X. fas-
tidiosa strains in conjunction with the available genome sequence databases and unveiled several pre-
viously unknown novel genetic traits. These include a sequence highly similar to those in the phage
family of Podoviridae. Genome comparisons among X. fastidiosa strains suggested that the ““phage” is
currently active. Two other RAPDs were also related to horizontal gene transfer: one was part of a
broadly distributed cryptic plasmid and the other was associated with conjugal transfer. One RAPD
inferred a genomic rearrangement event among X. fastidiosa PD strains and another identified a single

nucleotide polymorphism of evolutionary value.

Xylella fastidiosa causes diseases on many economically
important plants. In California, Pierce’s disease (PD) of
grapevine is currently threatening grape production in
several areas and almond leaf scorch disease (ALSD) has
re-emerged in the past few years. The potential destruc-
tive impact of X. fastidiosa led to substantial efforts to
sequence the bacterial genomes of four X. fastidiosa
strains. The genome sequences of X. fastidiosa strain
Temecula ATCC700964, causing PD, and X. fastidiosa
strain 9a5c (citrus variegated chlorosis, CVC) have been
completed [19, 21]. The sequences of X. fastdiosa strain
Dixon (almond leaf scorch disease, ALSD) and X. fas-
tidiosa strain Ann-1 (oleander leaf scorch disease,
OLSD) remain gapped [3]. Comparisons of these genome
sequences revealed intriguing genetic and biological in-
sights about the bacterium. Ninety-eight percent of the
PD-Temecula genes are shared with those in the CVC-
9a5c genome. Horizontal gene transfer and chromosomal
rearrangements contributed significantly to genomic
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differentiation. Horizontally acquired elements, such as
prophages, plasmids, and genomic islands, contributed
up to 18% of the final genome indicative of X. fastidi-
osa’s highly flexible gene pool [14]. A limited number of
strains, however, do not contain all the genetic material
and the encoded information of a species. During the
process of environmental adaptation such as host spe-
cialization and pathogenesis development, a bacterial
genome could be subject to base mutation, sequence
deletion and/or insertion (indel), horizontal gene transfer,
and genome rearrangement. Such genetic information
can only be acquired through genomic comparison
involving other strains from different sources. Prior to the
availability of genome sequence databases, genome
comparisons were achieved using random or presump-
tively random sampling approaches such as analysis of
randomly amplified polymorphic DNA (RAPDs) or
restriction fragment length polymorphisms (RFLPs) [5,
6, 15, 18]. These types of analyses compared similarities
and differences among PCR-generated genomic DNA
fragments flanked by defined 10-base sequences, or the
presence or absence of restriction enzyme  sites.
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Table 1. List of strain-unique RAPDs/DNA sequences that reveal novel genetic traits and the related information

79

RAPD/sequence Primer/flanking Putative genetic

name Size (bp) sequence information New genetic trait Accession number
PD1-1-2 1005 5-TCAGGCCCTT-3’ ORF, tRNA®**" Conserved SNP AF130454
PDX1-2 661 5’-GTGATCGCAG-3¥ Ubiquinol cytochrome Genomic rearrangement AY270178

C oxidoreductase

PDX3-1 547 5-TGCCGAGCTG-3’ Integrase Phage AY270180
PDX6-1 966 5-GAAACGGGTG-3 Replicase, ORF Plasmid AY457972
M23#18-33 493 5-AGGTGACCGT-3¥ Conjugal protein Type IV conjugation AY665687
Dixon-037 555 5-TGCCGAGCTG-3 Integrase Phage NZ_AAAL(01000037
Dixon-072r 547 5-TGCCGAGCTG-3 Integrase Phage NZ_AAAL01000072
OLSD-Ann-1r 547 5-TGCCGAGCTG-3 Integrase Phage NZ_AAAMO01000074

Fragments analyzed were generally approximately 0.1—
21 kb within the resolution size limit of agarose gel
electrophoresis. The electrophoretic profiles of DNA
fragments based on size were scored in a binary format
and variations were summarized by statistical means.
Because of its technical simplicity, RAPD analysis is a
common tool for genetic comparison among bacterial
strains. However, the total genetic information embedded
in the RAPD fragments is not utilized.

Albibi et al. [1] evaluated the use of RAPDs to
differentiate X. fastidiosa strains of different host ori-
gins. One RAPD was subsequently sequenced and used
to develop PCR primers specific for a PD strain [2].
Sequence analysis using the then available databases
indicated that the PD strain-specific site was located in
an intergenic region. Such sequence analyses revealed
genetic information more than the primer site and DNA
fragment length [2, 16]. In this project, we hypothesized
that at least some size-unique RAPDs contain novel
genetic information currently unknown. RAPDs were
selected through strain comparisons and the sequences
were used to search for new genetic information. A
particular focus was on PD-related X. fastidiosa strains.

Materials and Methods

Bacterial strains and DNA sequences. Two X. fastidiosa strains were
used to generate RAPDs and obtain nucleotide sequences. A field
strain, designated as PD28-5, was isolated from a Florida bunch grape
cultivar, ““Orlando Seedless,” a hybrid of Vitis vinifera and other Vitis
species native to the southeastern United States. Another PD-related
strain, M23, was isolated from an almond cultivar, “Sonora,” in
California. DNA was extracted from the bacterial strains and DNA
fragments were amplified using PCR as previously described [1].
RAPD profiles were compared to those of X. fastidiosa strains
including almond leaf scorch, periwinkle wilt, phony peach, plum leaf
scald, and oak leaf scorch to identify size-unique RAPDs. For PD28-5,
the unique DNAs were isolated from agarose gels and re-amplified
following the procedure previously described [4]. The amplified
fragments were cloned and sequenced as described by Banks et al. [2].
For M23, total PCR products were cloned. The cloned DNA fragments

were re-correlated to the correspondent DNA bands by size and
sequenced.

Genome sequence database searching. BLASTN (for DNA
sequence) and BLASTX (for putative amino acid sequence) were
used for sequence similarity searches on the BLAST network service at
the National Center for Biotechnology Information (NCBI, http:/
www.ncbi.nlm.nih.gov). Fragment sequences were first used to search
against the non-redundant sequence databases to check for specificity,
and then limited to the genome sequences of four X. fastidiosa strains:
PD-Temecula, ALSD-Dixon, and OLSD-Ann-1 from California, and
CVC- 9a5c from Brazil. Top hit sequences were evaluated according to
statistics provided by the program and the length of DNA segments
selected by default according to the BLAST algorithm. Putative genes
were assigned based on sequence information from the annotated
genomes.

Comparison of X. fastidiosa strains. For pairwise comparison, the
Pairwise BLAST program from the NCBI network service was used.
For multiple sequence comparisons, sequences of DNA homologs were
retrieved from the GenBank database and aligned using CLUSTAL-W
[20] through the network service of the European Bioinformatics
Institute (http://www.ebi.ac.uk).

Pathogenicity test. X. fastidiosa Temecula was cultured on PW
medium solidified by Gel-Rite [10] at 28°C for 10 days. Bacterial cells
were scraped from the medium and suspended in distilled water. The
suspension was adjusted to 0.2 OD at 620 nm. Ten microliters of cell
suspension were inoculated into grape cultivar Cabernet Sauvignon by
the pin-prick method [12] in a greenhouse. Pathogenicity was indicated
by the presence of marginal necrosis symptom and isolation of
X. fastidiosa cells from the petioles one month after inoculation.

Nucleotide sequence accession numbers. Nucleotide sequence data
have been deposited in GenBank and are listed in Table 1.

Results and Discussion

A total of 14 RAPDs (seven from PD28-5 and seven
from M23), ranging from 200 to 1200 bp and unique to
at least one non-PD strain, were selected and sequenced.
BLASTN searches against the GenBank database indi-
cated that all of the RAPD sequences were most similar
to the four X. fastidiosa genome sequences over all of
the available bacterial DNA sequences deposited in
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GenBank. With the exception of PDX3-1 and M23-A18-
33 (the former was from a putative phage and the latter
from a plasmid), the 12 DNA sequences were most
similar to PD-Temecula. These results illustrate the
genome congruency of X. fastidiosa at the species level
and possibly at the pathotype level. While Chen et al. [7,
8] reported that short 16S rDNA sequences could be
used to identify X. fastidiosa, this study further suggests
that randomly selected DNA sequences also have the
capacity to be species specific.

Whole sequence analyses of nine out of the 14
RAPDs did not reveal novel genetic information beyond
the description in the four X. fastidiosa genome
sequence annotations. The size uniqueness of these se-
quences could be attributed to the single nucleotide
polymorphisms (SNPs) at the primer priming sites be-
cause SNPs were found at both 5" and 3’ ends. However,
SNPs were also common along the main DNA se-
quences ranging from 4 to 97 depending on a particular
sequence. The other five RAPD sequences, listed in
Table 1, revealed significant new genetic information.
Three (PDX3-1, PDX6-1, M23-A18-33) were indicative
of horizontal transfer, one (PDX1-2) was suggestive of a
genome rearrangement, and one (PD1-1-2) identified a
SNP responsible for the annotation difference between
the genomes of PD-Temecula and CVC-9a5c. The major
genetic findings are discussed below.

An active ‘“‘phage” in the X. fastidiosa popula-
tion. The homolog of PDX3-1 was not present in either
the PD-Temecula or CVC-9a5c strain. However, ho-
mologs were present in both ALSD-Dixon and OLSD-
Ann-1 strains. Considering the close rela- tionship
among X. fastidiosa strains, the occurrence of this
homolog can be taken as evidence for a mobile genetic
element such as a phage. Sequence analysis substanti-
ated this conclusion. The sequence of PDX3-1 contained
three sections: (1) a C-terminal portion of an integrase
gene int; (2) a spacer sequence of 16 bp downstream of
int; and (3) a 43-bp sequence at the 3’ end, which was
almost identical (42/43 bp) to that of the anti-codon and
TYC arms of a tRNA"® gene found in all X. fastidiosa
genomes.

The int amino acid sequence of PDX3-1 shared a
high degree of homology to int amino acid sequences of
several enterobacterial phages. Among these bacterio-
phages were ST64T from Salmonella typhimurium (47%
identities, 64% positives), bacteriophage V from Shi-
gella flexneri (45% identities, 64% positive), and bac-
teriophage APSE-1 from a symbiont of an aphid
(Acyrthosiphon pisum) (44% identities, 61% positive).
All of these enterobacterial phages belong to the family
Podoviridae and have a double-stranded DNA genome.
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The tRNAPSlike sequence could be the integrase
attachment site (aff). Partial or full tRNA genes are
commonly used as integration sites for many phage-
related integrases [22].

Because of the availability of the whole genome
sequence, strain PD-Temecula is a common reference in
X. fastidiosa research. During the preparation of genome
sequencing, the bacterial strain must have been sub-
jected to extensive sub-culturing, a process that could
lead to the loss of virulence [11]. The lack of PDX3-1
“phage” in PD-Temecula raised a question if the
“phage” was related to virulence. However, results of
our pathogenicity test indicated that PD-Temecula was
highly pathogenic as evidenced by the presence of typ-
ical marginal necrosis symptoms, re-isolation of the
bacterium, and high mortality rate of the inoculated
hosts (5/5 within one year). Therefore, the PDX3-1
“phage” does not harbor gene(s) directly responsible for
virulence.

It was of interest to identify two copies of a PDX3-1
homolog in the ALSD-Dixon genome. One of these ho-
mologs was found in contig NZ_AAAL01000072.1 and
the other in contig NZ_AAALO01000037.1. In the latter
contig, the spacer sequence between int and att was highly
heterologous and included an 8-bp insertion (5” tctttctg
3%). In the genome sequence of OLSD-Ann-1, one PDX3-
1 homolog, located in contig NZ_AAAMO01000074.1,
was found. Bhattacharyya et al. [3] analyzed the draft
genome sequences of the ALSD-Dixon and OLSD-Ann-1
strains and the complete genome sequence of the CVC-
9aSc strain. They identified a 65-kb phage insertion region
unique to the CVC-9a5c strain, but did not address the
presence of PDX3-1 homologs in the ALSD-Dixon and
OLSD-Ann-1 strains and its absence in the CVC-9a5c
strain. However, distantly related putative proteins
belonging to the same clusters of the orthologous group,
COGO0582, as the int of PDX3-1 does, were present in the
CVC-9a5c genome.

A cryptic plasmid family. PDX6-1 was found to be
highly similar to three small plasmids, pXFPD1.3 of PD-
Temecula, pXF13 of CVC-9a5c, and pXF868 from a
mulberry leaf scorch strain (ATCC35868) [17]. No
homolog was found in the genome of the ALSD-Dixon
or OLSD-Ann-1 strains. Because of the gapped nature of
the genome databases of these strains, it may be
premature to conclude that the PDX6-1 homolog is
absent in both genomes. However, Bhattacharyya et al.
[3] did not report the presence of plasmids in the two
genomes. Hendson et al. [9] reported the occurrence of
plasmids in both the ALSD-Dixon and OLSD-Ann-1
strains. However, plasmid fragments of 1.3 kb or smaller
in size were not reported.
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X. fastidiosa plasmids were first reported by Chen
et al. [4]. A plasmid about 1.3 kb was observed in PD
and periwinkle wilt strains from Florida and a mulberry
leaf scorch strain from Massachusetts. The latter was
sequenced by Pooler et al. [17]. DNA hybridization data
indicated that the plasmids from grape, periwinkle, and
mulberry were homologous [4]. Sequence alignments of
PDX6-1 to pXFPD1.3, pXF13, and pXF868 showed that
these plasmids were highly co-linear with moderate se-
quence similarity. The best alignment from BLASTN
search ranged from 79% to 86% for DNA segment over
500 bp. Sequence annotation suggested the presence of
two open reading frames, one for a replicase gene and
the other unknown. The plasmid is not essential for
bacterial replication because it is not present in many
other strains of X. fastidiosa [4]. The plasmid is small
but widely distributed occurring from Florida to Cali-
fornia and from Massachusetts to Brazil. Discounting
the replicase gene, the plasmid genome is questionably
large enough to encode an additional gene. The bio-
logical function of such a small self-replicated element
remains to be determined.

A plasmid related gene for conjugal transfer. M23-
A18-33 is highly similar to part of the gene XfasA0256
in the ALS-Dixon genome. The two sequences were
almost identical (99%, 465/467 bp). The translated
amino acid sequences were also highly similar (99%,
identities = 153/154). The product of XfasA0256 is
annotated as VirB4, a component of Type IV secretory
pathway, responsible for conjugal DNA transfer. The
M?23-A18-33 ortholog was also found in the OLSD Ann-
1 genome with a 96% or 449/467 bp similarity. M23-
A18-33 also shared a high degree of sequence similarity
(96% or 450/467 bp) to a section of a plasmid, pXF51,
identified during the whole genome sequencing of CVC-
9a5c [19]. A similar sequence was also present in the
CVC-9a5c chromosome, which was believed originate
from the pXF51 [13]. Whether M23-A18-33 resides in a
plasmid or the bacterial chromosome remains unknown.
However, the almost identical nature between M23-
A18-33 and XfasA0256 indicates the horizontal gene
transfer among the two different genotypes of X.
fastidiosa isolated from almond in California. On the
other hand, although strains PD-Temecula and ALS-
M23 are genetically very similar, PD-Temecula does not
harbor the M23-A18-33 homolog (Fig. 1), a further
indication of the mobility of M23-A18-33 element.

A genomic rearrangement in PD strains. PDX1-2 has
a sequence length of 661 bp. The sequence encodes a
portion of a cytochrome C oxidoreductase (Table 1)
belonging to COGI1290. Homologs of PDX1-2 are
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Fig. 1. A RAPD profile showing the size-unique DNA band, M23-
A18-33 (arrow). Size marker (from bottom) in bp: 300, 400, 500, 750,
1000, 1400, 1550, 2000, and 3000. ALS-M23, PD CAFI, and PD-
Temecula are grape PD related, while ALS-Dixon is not.

present in the four X. fastidiosa genomes but are split
and located in two distinct locations. The insertion is 126
kb in the PD-Temecula genome and 468 kb in the CVC-
9a5c genome. The insertion in the draft genome
sequences of the ALSD-Dixon and OLSD-Ann-1 strains
could not be estimated due to the involvement of different
contigs. In the genome of the PD-Temecula strain, the
insertion starts from the intergenic region between
ORF1671 and ORF 1672 and ends in ORF1776. This
covered 104 ORFs. The insertion size in the genome of
CVC-9a5c strain is three times longer than that in the PD-
Temecula strain and spanned from ORF0400 to
ORF0909, or 509 ORFs. Further analysis indicated that
the insertions are part of a genome rearrangement
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differentiating the PD-Temecula and CVC-9a5c strains
[2]. Because of the large number of ORFs, the absence of
the DNA section in the Florida PD strain is likely due to a
genomic DNA rearrangement rather than a simple
deletion. Further supporting this hypothesis is the
presence of a pair of homologous (84%) direct repeats,
upstream 36 bp (5’ taaatcggtt ggtgtgttag tgatgttttc tgcgat
3’) and downstream 39 bp (5’ taaatctcgt tgttcgtgtt
cgatgttgtt ctcagcgat 3’, i.e., three insertions and six
SNPs). Sequence repeats are known to be related to
chromosomal insertion/deletion events. Genome
rearrangements are characteristic of the CVC-9a5c and
PD-Temecula strains [2]. Our data suggest that genome
rearrangements also occur within PD strains, adding
further evidence to support the suggestion that the
genome of X. fastidiosa is highly plastic [4].

A SNP of evolutionary value. A portion of PD1-1-2
was homologous with ORF XF0126, of the CVC-9a5c
genome. The homolog is, however, not annotated in the
PD-Temecula, ALSD-Dixon, or OLSD-Ann-1 genomes.
Sequence analysis revealed that the 27" amino acid of
XF0126 from CVC-9a5c was TGG, coding for Trp. In
the genomes of the PD-Temecula, ALSD-Dixon, and
OLSD-Ann-1 strains, the third position of the corr-
esponding codon was a transitional mutation from G to
A. This resulted in a termination codon TGA that led to a
putatively truncated peptide. This truncated peptide was
not annotated in any of the three genome sequences. The
Florida PD strain contained the same transitional
mutation. Based on the genome sequence database, this
transitional mutation, also regarded as SNP, separated
the South American CVC-9a5c¢ from the North American
X. fastidiosa strains. Such a SNP will be useful for strain
differentiations.

Another feature of PD1-1-2 is the physical location
of its homologs. In both the PD-Temecula and CVC-
9a5c chromosomes, these homologs are located between
the two rrn operons towards the putative replication
sites. This portion of the genome is not subjected to
genome rearrangement [21] and is possibly more an-
cient and conserved. Therefore, the SNP in XF0126
could serve as a point marking the separation of the
South American and North American X. fastidiosa
strains.

In summary, this study utilizes the information
from RAPD analyses in conjunction with the available
genome sequence database to identify a new ‘‘phage”
element, a widely distributed plasmid family, a con-
jugal gene, a genomic rearrangement within PD strain,
and a SNP of evolutionary importance. The results
support our research hypothesis that some size-unique
RAPDs contain novel genetic information (5/14 or

CURRENT MiIcroBIoLoGY Vol. 50 (2005)

36%), extend our current knowledge about the popu-
lation genomics of X. fastidiosa, and demonstrate an
additional method for comparative genomic research. It
should be noted that although whole genome sequence
analyses [3, 21] have revealed the high incidence of
phage-related sequences in the X. fastidiosa genome,
this study provided the first physical evidence for the
presence an active ‘“‘phage.”
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